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OBJECTIVE

The objective of Task 1-A-O-1001-B-021-08, "icrometeorolog
(ERDA)," is to conduct studies dealing with the physical processes
involved in the exchange of energy between the atmosphere and the
earth's surface. Through such basic research, increased knowledge of
atmospheric processes will result which oan be used by applied research
activities to improve the design and test criteria for Army weapons and
systems and to improve weather observing and forecasting for Army
tactical operations.

AUTHORITY

Authority for this task is contained in letter, OCSigO, SIORD-8b-5,
dated 13 August 1957, "Proposed Coordinated Signal Corps Meteorological
Pr )gran."



Th. purpose of the report in to present the results of a study
-which examines the characteristic parameters of wind flow in an
idealised vegetative canopy. Xquations oharacterising the wind flow
in and above the vegetative canopy are derived and compared with data
collected in and above various crops.

Observations taken in a corn field indicate a ma-ked similarity
to the flow derived for the ideal canopy. Although the utility of
the approach was not proven, the oonoept does gem to show promise.

It is hoped this report will stimulate thought and investigation
which will ultimately lead to the objective of expresing the aro-
drnmio rougbness effects in terms of vegetative characteristics.

2



TANI OF CEWTEM

Pape

OBJECTIVE AND AUTHORITY M . . . . . . . . . . . . . . . 1

SDNT4 e* * *.* . * * ... * *..*.. 2

TABLE 0r CONTEMTS **. .************** * 3

LIST OF ILLUSTRATIONS . . . . . . . . . . . . 3A

INTRODUCTION 4 . . . . . . . * * * * . * * * * * *

THE IDC A CANOPY . . . . . . . . . . 8 . . . . . * * 8

REAL CANOP338 14 •••••••

DISCUSSION . . . . . . . . . . . . . . . 2 . . . 32

CONCLUSIONS. .. * .. . . . . 31

ANNEX A. Reynold's Number Effect, on the Canopy
Equationsa * * e . . e * * * e 32

B I B I L I O G R A P H Y * * & 0 0 0 9 0 0 0 0 3 4 .

DISTRIBUTION LIST................... i

3



LIST OF ILLUSTRATIONS

FIGURE Page

1 Accumulative Leaf Area as a Function of Height in a
Mature Corn Canopy . . e * e . . * * . e . . .a * * 1

2 Wind Profiles Above and Within a Mature Corn Canopy. . 16

3 Logarithm of the Wind Speed as a Function of the
Relative Height Within a Mature Corn Canopy. .... 17

4 Computed Nondiuensional Mixing Length Term as a
Function of Relative Height Within and Above a Mature
Corn Canopy . . . .................. 20

5 Solutions of the Mixing Lengths in Mature Corn as a
Function of the Shape Factor, (S), for Corn #1 . . .23

6 Relationship Between the Bushel Basket Density and
Drag Coefficient. . . . . . . . . . . . . . . . . .212

7a Observed Wind Profiles in Various Vegetative Canopies 27

7b U *" .28

7c 29

TABLE

I Vertical Distribution of Wind in a Rice Paddy. e . . . 18

II Ideal Canopy Parameters Computed from Corn Canopy
Profiles.,..... 9 oso oe oe *9 es • ••• 21

III Numerical Values for Terms of Equations (20a, b, d)
Compted from Corn Canopy Profiles . . . . . . . . . 21

IV Effects of Shape Factor (S) on the Canopy Parameters. .22

3A



RESEARC� STUDY
A MODEL FOR WIND FLOW IN AN IDEALIZED VEOMTATIVS CANOPY

DA Task 1-A-O-11001-B-021-08

INTRODUCTION

To a large extent, micrometeorology is a science devoted
to the evaluation of pbysical processes at the boundary or inter-
face between the earth and the atmosphere. With regard to
atmospheric turbulence within the boundary layer, the most
important single characteristic of the boundary is its effective
aerodynamic roughness. Over land surfaces, with few exceptions,
the boundary is considered to be fully rough; that is, a laminar
sublayer is essentially nonexistent. Under natural conditions,
the roughness over land is primarily associated with vegetation,
although, in urban areas man-made structures may dominate.

For the general application of micrometeorological prediction
models, it would be most advantageous if the aerodynmic roughness
effect of the boundary could be expressed in terms of the height,
density and drag characteristics of the roughness elements. To
date, no such goal has been achieved. Consequently, it was the
objective of the study reported here to investigate the turbulent
transfer of momentum within a vegetative canopy and to attempt to
develop a preliminary model which expressed the aerodynamic rough-
ness effects in the terms of characteristics of the vegetation.

BACKGROUND

For practical reasons, it has been the goal of the majority
of workers in turbulence research to express the turbulent trans-
fers in terms of man quantities of the velocity and its derivatives
rather than the variances and covariances of the turbulent fluctu-
ations which are known as the Reynolds stresses. Although the
latter are fundamentally sound, they consist, in essence, of only
statistical quantities which describe the fluctuation kinematics.
It is the intent here to continue the practice of expressing the
dynamic characteristics of the turbulent transfer in terms of the
mean quantities.

Many of the developments of models for turbulent transfer
have come about through reasoning on dimensional grounds and lean
heavily on empirical quantities and relationships. There has been
only limited success in pursuing the problem in this uanner and it
is safe to say that a general model for atmospheric turbulence
remains remote. On the positive side, however, remarkable success
has been achieved in special cases with very simple models. Fore-
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most in this area is the mixing-length hypothesis attributed to
Prandtl. This concept will be used later in the discussion of the
turbulent transfer within the vegetative canopy, so we shall
review briefly the characteristics of the mixing-length hypothesis
for fully rough, steady flow at very high Reynolds numbers. The
basic relationship of this hypothesis is as follows:

L .U* . I'~p (1)

where r is the shearing stress, p is the density, u* is the fric-
tion velocity, I is the mixing length, u is the mean velocity
parallel to the boundary, and z is the space coordinate normal to
the boundary. If the analogy with laminar flow is invoked such
that the shearing stress is proportional to the shear, we obtain:

!.=.U m I K an
p (2)

where K is the eddy viscosity.

The behavior of the mixing length in the vicinity of a rough
boundary can best be demonstrated by citing observations of the
boundary layer of a flat plate at very high Reynolds numbers. These
observations show that, near the boundary, the friction velocity is
essentially constant and the shear is inversely proportional to
the height above the boundary. Consequently, the mixing length must
be proportional to the height above the boundary. This is expressed
as follows:

j - ks (3)

where k is von Karman's constant. The real success of the mixing-
length hypothesis lies in the fact that k is, indeed, a constant
which is independent of the scale of flow; that is, equation (3) is
equally applicable to the atmospheric surface boundary layer as
well as liquid flow in pipes.

Combining equation (1) with equation (3) and integrating re-
sults in the following velocity profile relationship:

where a is a constant of integration. It is through this constant
of integration that the roughness enters the equations of turbulent
transfer. The most comprehensive quantitative expression for a is
due to Nikuradse, (Reference 1). He conducted extensive experiments
on flow through pipes roughened by tightly packed sand grains of
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charsoteristic slse ks. For fully rough flow, his results shoved
that a - in (30/k=).

The expression "fully rough flow" requires explanation. For
pipe flow, it is useful to define a drag coefficient (CD) as
follows:

A M To0 /P,- CDUs
2 (5)

where 'T is the shearing stress at the boundary and U is the mean
flow velocity through the pipe. A fully rough flow is one in which
CD is independent of the Reynolds number, Ud/v, where d is the
diameter of the pipe and v is the kinematic viscosity. The fully
rough regime occurs for Reynolds numbers exceeding a certain criti-
cal value. This critical Reynolds number increases for decreasing
relative roughness (ks/d).

The experiments of Nikuradse incorporated tightly packed sand
grains and no attempt was made to vary the density of the roughness
elements. Schlichting (Reference 2) conducted experiments analo-
gous to those of Nikuradse but with varying densities of regularly
shaped roughness elements (spheres and hemispheres). He expressed
his results in terms of the effective sand grain roughness of
Nikuradse. As would be anticipated, the effective sand grain
roughness increased with increasing density of roughness elements.
One interesting exception to this rule was that, for the most
dense arrangement of spheres, the effective sand grain roughness
was less than for the same spheres with less packing. This result
can be interpreted as meaning the spheres were so tightly packed
that the fluid "saw" a new zero level displaced inward from the
actual wall of the pipe; that is, the fluid recognised only a por-
tion of the actual height of the spheres in terms of roughness.

In the past, the treatment of roughness effects on the
atmospheric boundary layer have largely followed the precedents
set in the above consideration of fully rough pipe flow but with
some change of parameters. The most general expression! for the
wind profile equation is as follows:

us l (;6)

" Equation (6) is applicable only to regions imediately above the
boundary where the shearing stress is constant with height and
effects of buoyancy in diabatic conditions are negligible. This
condition is generally satisfied in the first two or three meters
above the top of the roughness elements.

6



where D is the sero-plane displacement and so is the roughness
length.

The behavior of the sero-plane displacement and the roughness
length is well demonstrated by the results of a unique set of
experiments reported by Kutabach (Reference 3). These experiments
were somewhat analogous to those of Schlichting described above.
The friction velocity, zero-plane di-placement, and roughness length
were evaluated for an ensemble of bushel baskets of var7ing density
patterns placed on an ice-covered lake. The results showed that
the roughness length increased approximately linearly with increas-
ing density of baskets, while the zero-plane displacement increased
with the basket density to the 0.3 power. Although there was
considerable scatter in the zero-plane displacement relationship,
the results indicate a rather orderly variation of the roughness
parameters with the density of baskets. In another experiment,
the density of the bushel baskets was maintained constant, but the
height of the obstacles was varied by using successively one basket
and then doubling the height by placing one basket on top of another.
As a result, the zero-plane displacement increased by a factor ox
2.5. The difference from a factor of 2 is likely due to a change
of shape of the roughness element from one inverted basket to that
of an inverted basket placed on top of an up-right basket. In a
qualitative sense this result is compatible with the results of
Schlichting which indicated that spheres are rougher than hemi-
spheres.

The bushel basket results indicate an orderly variation of
the roughness parameters with the density and height of rigid
roughness elements. However, the results are considerably less
definitive when the ensemble of roughness elements is a uniform
field of vegetation. This is clearly indicated in results publi sh-
ed by Tan and Ling (Reference 4) and Stoller and Lemon (Reference 5)
for wind profiles over fields of wheat, alfalfa, and corn. Briefly,
their results with corn show that, for a given crop density and
height, the zero-plane displacement decreases and the roughness
length increases with increasing wind speed; in alfalfa the oppo-
site is true with the unexpected result that the shearing stress
is essentially independent of wind speed. It is not difficult to
imagine the cause of these changes. Alfalfa is limber so with
increasing wind speed the stems bend over and the leaves tend to
orient themselves along lines of least resistance. The laying
over of the plants partially seal off the canopy from penetration
of the mainstream above. The result is decreasing roughness and
increasing zero-plane displacement with increasing wind speed for
a limber vegetative canopy. Corn is characterized by semi-rigid
stalks and limber but resilient leaves. Increasing wind speed
results in greater penetration into the somewhat open canopy and
a flapping of the leaves. The result is decreasing zero-plane
displacement and increasing roughness with increase in wind speed in
corn. So long as the roughness length and the zero-plane displace-
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sent are the sole parameters used, it would appear that little
more than the qualitative reasoning applied above could be invoked
to characterize the roughness effects of a vegetative canopy. The
point is that the roughness length and the zero-plane displacement
are merely convenient parameters to specify the boundary condition
of the logarithmic wind profile and are only vaguely related to the
actual physical processes involved in the roughness effects. For
this reason an entirely new approach was utilized in this study
to evaluate the roughness effects of a vegetative canopy. The
intent was to develop a model for turbulent transfer within the
canopy which expressed the boundary conditions for the logarithmic
wind profile directly in terms of the height, density and drag
characteristics of the vegetation.

THS IDEAL CANOPY

For preliminary considerations of turbulence within the vegeta-
tion, let us consider the steady-state adiabatic turbulent energy
equation (see Townsend Reference 6) in the following form:

jFIi3u - - 4- -11IC =

=1axj xI•,i = 19293 (7)

where the subscripts designate the three components in a rectangular
coordinate system, u!. represents the turbulent velocity component
in the i j direction, aiu is the local mean velocity component in
thei j direction, e is the local dissipation and a bar designates a
time average. Equation (7) is derived from the Navier-Stokes equation
and is assumed to apply to any small localized region of the fluid
within the vegetative canopy.

To apply equation (7) in a practical way, let us define a
volume V which is a horizontal slice containing a representative
quantity and arrangement of leaves and stalks. For this volume, we
can define a gross mean velocity U by integration over the volume of
the localized mean velocity components ui . It is reasonable to
assume that U is horizontal and parallel with the ambient mean veloc-
ity above the vegetative canopy. Furthermore, we define a length
scale L which for now will be assumed to characterize the average
leaf-stalk arrangement within the volume V. Next, we non-dimension-
alize the terms of equation (7) as follows: v', -*u'i - /%
V.. W i../U and yij n x i /L with the result that equation (7)
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Integrating equation (8) over the volume V, we obtain the following
expression for the mean dissipations

( n l U 3

L (9)

where the dissipation coefficient Cf. of the vegetation within the
volume V is defined as:

E - -" + xdf
v v J"1lia1 A 1 J (10)

To complete the picture, we obtain the average values of the Reynolds
stresses within the volume V by like integration. If we asume, as
usual, that the horizontal derivatives of the gross mean quantities
of the volume V are negligible and remembering that u$, a -.u-
then equation (7) can be written to describe the mean dissipation of
the volume V as follows:

u*! W V - (C'e/L) U3 (
Ift ( 1 1)

Rearranging terms, we obtain the following equation:

(u C 9Ts- L(12)

Equation (12) represents a preliminary expression of turbulent
transfer of momentum within a vegetative canopy. In its derivation,
we have introduced two terms--the dissipation coefficient C', and the
scale length L. The usefulness of equation (12) depends upon whether
these two factors can be evaluated experimentally and expressed 0 -iri-
cally as unique functions of the density and structure (or species) of
vegetation.

A dissipation coefficient can be defined for flow through a
fully rough pipe in the same manner as was done for the drag coeffi-
cient. In the case of pipes, the scale length L is the diameter of
the pipe. For sufficiently high Reynolds numbers, the dissipation
coefficient is independent of Reynolds number, but its magnitude
depends upon the relative roughness of the pipe (k9/d). It should be
noted that equation (9), which defines the dissipation coefficient,
differs from equation (5) which defined the drag coefficient by inclu-
sion of the scale length L. Thus, at very high Reynolds numbers,
greater dissipation occurs in m&31 pipes than in larger pipes, even
though the mean velocities and shearing stresses may be the same. If
we apply this reasoning to a vegetative canopy, we would assume that
the scale length in sow way measures the average distance between

9



adjacent parts of the plants. If this is the case, we would expect
a higher degree of local dissipation associated with closely packed
plants such as grass or alfalfa as opposed to more loosely arranged
canopies such as a corn field or forest.

The term (u*/U) is somewhat analogous to the intensity of the
turbulence. It is not unreasonable to assume that the turbulence
intensity is closely correlated with the drag coefficient (see
equation (5)) and thus the dissipation coefficient.

For an ideal canopy, let us assume that the dissipation coeffi-
cient and the scale length L are constant with height in the canopy.
This is equivalent to assuming that the density, size, and arrange-
ment of the leaves and stalks are "essentially" invariant within
the canopy. Because of the inferred proportionality of the turbulence
intensity to dissipation coefficient, we further characterize the
ideal canopy as having a constant turbulence intensity as expressed
by (u*/U). Consequently, the term B(ln U )/As in equation (12)
must also be a constant. Thus, the velocity profile of the ideal
canopy must be an exponential function of height.

The effect of roughness on the surface boundary layer becomes
evident only in the integrated equation which defines the velocity
profile. The profile equation is derived by means of the mixing-
length hypothesis. Equation (12) was derived independent of the
mixing-length hypothesis, and therefore is somewhat incompatible with
the more common approach to turbulent transfer.

Ordway, Ritter, Spence, and Tan (Reference 7) have suggested
that the turbulent transfer within the vegetative canopy can be
pursued along the same lines as the surface boundary layer provided
allowance is made for the loss of momentum to the leaves and stalks.
On heuristic grounds, they proposed that this momentum loss was
proportional to the square of the local mean velocity. This is
analogous to equation (5) which defined the drag coefficient for
fully rough flow through a pipe. Further, for steady state condi-
tions with no advective terms, the local loss of momentum must
equal the convergence of momentum transport. Thus, for turbulent
transfer within the vegetative canopy, the following equation results:

4[I.J= '8 [{K ] SU a(13)

where the proportionality constant S can be further subdivided as
follows:

S = IC IA
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where A is the effective aerodynamic surface area of the vegetation
per unit volume, and C'D is the drag coefficient of the leaf-stalk
configuration. Ordway et al assumed that C'D is independent of
Reynolds number, Further, they assumed that the eddy viscosity was
constant within the vegetative canopy. In a later report, Tan and
Ling allowed for a variation of the eddy viscosity and suggested
that it might increase linearly with height as it does in the
surface boundary layer. It is at this point where our views are
different from those of Tan and Ling. Through equation (1) and (2)
we saw that K - u, . In the surface boundary layer, u* is nearly
constant while K and • increase linearly with height. However,
down in the canopy, changes in K should be largely due to changes
in u* since due to the restrictive action of the leaves and stems
the mixing length within the canopy could be nearly constant. Con-
sequently, we set out to determine the size and variation of the
mixing length within a vegetative canopy.

In consonance with the ideal canopy previously defined, let
us assume the following equation to be valid for the mean velocity
within the vegetative canopy:

(ln U) h U = a

where a is a constant and h is the height of the canopy. If x is
defined as a dimensionless height equal to z/h then from equation
(15) we further observe that B2(In 1U)/ýx2=O and U = Uhexp [a(x-1)]
where Uh is the mean wind velocity at the to of the canopy.
Remembering that I ? = jQ(In ) + F•(1n U1), we find that equation

(13) reduces to:

AK + a = h!SU - hSUh exP [ a(x-1)(

ax a a (16)

Equation (16) can be solved analytically with the result that

KU = KhUh h2 (Uj - u2)
2aX

(17)

Since U = KEI = a, we find the following for the friction veloc-
fx h

ity:

=(u*.) - (U - U2 )
2a (8
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Furthermore, U, =ju - lUa according to equation (1) so Q*
AS aU

or 2a a \_h I)~. a[ha (CD)(1J?)]

(19)

where = 2[Uih/UhJs which is the gross drag coefficient of the
vegetat ve canopy as seen by the surface boundary layer.

The definition of a drag coefficient for the surface boundary
layer has proved fruitless in the past, since its magnitude depended
very much upon the height at which the velocity was measured. However,
it is seen that the drag coefficient defined for the top of the ideal
canopy has special significance since (u/U) is constant within the
ideal canopy.

In discussing equation (19), let us assume that S is constant
with height wit'in the canopy. From equation (12) we see that
essentially we are assuming that the leaf-stalk area and drag
coefficient functions are constant with height. This is in further
agreement with the ideal canopy. On the basis of similarity, we
shall assume that the mixing length is also constant with height
within the canopy. With this condition, the following relationships
result from equations (14) and (19):

hS = h (LCD._ a =2

CD 2 CD 2 CD (20a)

h3 S P h3 ACA= h.(Q)Cr = a (ba32"e~ 411' 410! L (20b)

= a (20c)

sic Acb It= 2 D 3/.

2 2 (20d)

where LSC - hA. Our Leaf-Stalk Configuration term, LSC, is closely
related to the Leaf-Area-Index (LAI) often quoted by agronomists. The
LAI is the total leaf area of a croo per unit of ground area. For
a mature rigid agricultural crop, the LAI is usually very near to3.5.



Equations (20a-20d) will be considered the basic relationships
which oharaoterise the "ideal canopy". These relationships could
also have been derived directly from equation (12) if C',/L were
made equivalent to JS. To reiterate, the ideal canopy is character-
ized by: (1) there is uniform vertical distribution of both the
area density and the drag coefficient of the leaf-stalk configura-
tion; (2) the drag coefficient of the leaf-stalk configuration
is independent of local Reynolds number; (3) the mean velocity
distribution within the canopy is exponential and there is (4) a
constant mixing length and (5) a constant turbulence intensity exist-
ing within the canopy.

These characteristics of the ideal canopy shbuld be compared
with the "ideal" surface boundary layer as derived from the mixing-
length hypothesis, that is, the logarithmic wind profile expressed
by equation (4). In this case, the velocity profile is the opposite
of that of the ideal canopy; that is, instead of being an exponential
function, the velocity is a .logarithmic function of height. The
turbulence intensity (u*/U), instead of being constant, decreases
rapidly with height; and the mixing length incre--es as a linear
function of height.

In deriving the equations of the ideal canopy (20a-d), it was
necessary to combine the characteristics of these two idealized
models. It was assumed that the velocity and its first derivative,
and the mixing length are continuous functions across the plane
defined by the top of the canopy. On the basis of this assumption,
it was possible to define the. gross canopy drag coefficient CD which
is used in equations (20a), (20c), and (20d) to relate the canopy
layer to the boundary layer. One of the consequences of this
assumption is that the second derivative of the velocity and the
first derivative of the mixing length are discontinuous functions
through the plane defined by the canopy top.

The velocity profiles which result from the ideal canopy are
as follows:

Above the canopy

U~ 1 Qj)f In( + k;h)..1+ (D)1/2 In( + k~*I!22la

Within the canopy

exp i (z-h)] expr/S \13 (-h)]21b)Uh L CD JjiO 2b
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These equations are analogous to the logarithmic wind profile based
on the roughness and zero-plane displacement in that three parameters
are required to specify the wind profile equation (6) . With regard
to the above equations, these parameters are Uh with a combination
of any two of the following: 1c, S or CDO

In section 2, it was noted that the roughness length and zero-
plane displacement were not conservative properties of tall vegeta-
tion. The profile equations of the ideal canopy can be an improvement
only if the parameters S, CD, and I are either conservative
properties or in some manner uniquefy interdependent for a given
height, density, and type of vegetation. Equations (20a-d) are
inadequate to substantiate this condition and thus recourse to exper-
imental data is required.

REAL CA1NOPIS

In the previous section, a hypothetical model for turbulent
transfer within a vegetative canopy was derived. The comparison of
this model to real canopy flows is severely limited by a paucity of
data. However, some data are published and this will allow comparison
of the ideal canopy with real canopies.

One of the basic assumptions of the ideal canopy was that the
average leaf-stalk configuration is essentially invariant with height
within the canopy. Figure 1, published by Allen, Yocum and Lemon
(Reference 9), shows the accumulative Leaf Area Index (LAI) in a
mature corn field indicating considerable uniformity of the height
distribution of leaf area. Then as previously stated, the parameter
A introduced in equation (14) is closely related to the volumetric
leaf density which is the slope of the line shown in Figure 1. As
can be seen, the slope is reasonably constant over a major portion of
the canopy depth. Figure 1 represents only the leaf area; if the
stalks and adventitious roots at the base and the tassles at the top
were included, the plot of figure 1 would indicate less curvature and
more closely approximate a straight line. In any event, it is not
unreasonable, for a first approximation, to assume A to be constant
throughout the canopy of at least a mature corn field.

Figure 2 depicts wind profiles above and within a corn field
canopy as published by Tan and Ling (Reference 8). Only two of the
profiles have data in the lower portion of the canopy. It is to be
noted that the velocity profile is convex upward within the canopy
except in the lowest 30 cm. The concave upward profile in the lower
portion reflects the dominance of the ground surface over the vegeta-
tion in controlling the turbulence. Figure 3 is a plot of log of
wind speed U, versus relative height within the canopy for the two
complete profiles of figure 2. It is encouraging to note that the
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data fit a straight line reasonably well. Thus, except for the
region very near the ground surface, the velocity profile within
corn, as reported by Tan and Ling, is exponential. The exponential
profile leads to a constant turbulence intensity within the crop.
Observations taken by Nakagawa (Reference 10) in a rice raddy canovy
(see Table I) also show the turbulence intensity (uea)*/U nearly
constant.

TABLE I

Vertical Distribution of Horizontal Air Flow in A Rice Paddy -
height of crop = 90cm. )after Nakagawa, Reference 10)

Z cm U cm/sec Uq2

U
40 12.3 0.321
55 13.6 0.346
70 22.3 0.331
85 25.7 0.320

100 52.1 0.331

According to equation (19) the condition of constant S within
the canopy and an xponential velocity profile were necessary but
not sufficient conditions to support the idea that the mixing length
is constant within the ideal canopy. The verification of constant
mixing length within the canopy from field data is somewhat arduous,
but can be accomplished by the following procedure.

We are concerned with two distinct regions of turbulent flow -
that within the canopy and that immediately above. Ie express the
equations of momentum transfer in these two regions as follows:

0z h Above the canopy

L [K5 U2  Within the canopy

These equations can be combined into a single equation if we merely
set S = 0 for z>h, where h is the height of the canopy. With this
in mind, we rewrite the above equations as:

Su (21)

For computational purposes it is necessary to express equation (21)
in non-dimensional terms. To do this we choose the mixing length and
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velocity at height 2h as reference values. With these, we define the
following nondimensional variables: x = s/2h, y = U/Uh, L /

Substituting these terms in equation (21) we obtain:

=- 8h sh (22)

We let B = 8h3S/Ij h and further differentiate so that equation (22)
becomes:

bX ;[x ] X B (23)

Equation (23) retains the unknown parameter B. To eliminate this
term we define a new variable E = L/B. Using this variable equation
(23) can be expressed as follows:

A =-2 2E / = C• - 2E(C 2 )
T 1(24)

Equation (24) is the requisite equation to solve for the mixing length.
It must be remembered that the variable C1 = 0 for z> h.

Equation (24) was solved for the two complete profiles of Figure
2. To do this it was necessary to determine the coefficients Cl and
C,,. The number of actual data points contained in the profiles of
Figure 2 is too few to adequately evaluate the velocity derivatives.
Having no other guidelines, we accepted the profile curves of Tan
and Ling as the best fit to the data. The portion of Figure 1 from
the ground surface to 2h (556cm) was subdivided by 20 equally spaced
grid points and the velocities at each grid point were extracted from
Figure 2. From those data, the velocity derivatives were estimated
from Lagrangian polymominals. Once the coefficients C, and C. were
determined, equation (24) was integrated from the ground surface to
the height 2h using a fourth-order Runge-Kutta integration routine.

Figure 4 is a graph of the nondimensional mixing length (AE) for
the two solutions of equation (24) reported by Cionco (Reference 11).
In a general way, figure 4 is compatible with the ideal canopy.
Within the canopy, the mixing length is essentially constant except
near the ground surfaces above the canopy the mixing length increases
linearly with height. These conclusions are not as well supported by
the solution for corn •2 as with corn #1. However, considering the
experimental errors which may be involved, there is no reason to
attribute significance to the deviations from the ideal in the corn
12 solution.
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Figures 1, 3, and 4, in a qualitative manner, agree with the
general characteristics of the ideal canopy. To quantitatively
evaluate the equations (20a-d), it is essential to compute the
values of S, CD and I . This can be done by assuming that the pro-
portionality factor between the mixing length and the height is von
Karman's constant. The nondimensional mixing lengths were equated
to linear functions of height with least-squared error incorporating
all values of fE above the canopy. These are the straight lines
shown in figure 4. In addition, tne average value of fE within
the canopy (excluding the region near the ground) was computed. With
these relationships the values of S, the zero-plane displacement D,
and Ic can be determined. The velocity ration U/Uh is proportional
to ln(Z - D) by the factor (CD/2)* ; thus, C can be computed
from a least squared error linear function reating U/Uh to ln(Z - D).
Table II contains the computed values for the two corn profiles of
the requisite parameters of the ideal canopy.

TBLE -II
h D a CD S ,c k(h-D)

Corn #1 278cm 257.2cm 2.000 2.462X10"2 1.875X10-4 15. 8 3cm 8.32

Corn #2 278cm 227.8 1.795 4.370X10- 2 3.739X10- 4 27.26cm 24.08

It is immediately apparent that CD, S, and t c are not conserv-
ative properties of a mature corn canopy. Like the roughness length,
these parameters increase with increasing wind speed; however, it is
easily shown that individually their relative increase is less than
that of the roughness. On the other hand, the most conservative
property of the canopy appears to be a, the derivative of ln U with
respect to relative height z/h within the canopy.

TALE illI,
a hS/CD (hO Sf24) SIc 2(CD/2) 3/,

Corn #1 2.000 2.115 2.020 2.97X10- 2.73X10_3

Corn 42 1.795 2.375 1.753 I.0I9X10 2  .646XI0- 2

In Table III, the numerical values for terms involved in equations
(20a,b,d) are presented. Although the values are close to those
defined in the ideal canopy, it is evident that the values of CD are
consistently too snall. This failure of the ideal canopy is due to
the manner in which the ideal canoDy was joined with the logarithnic
wind Drofile of the surface boundary layer at the top of the
canopy.
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In the above computations it was assumed that the canopy top was
278cm-the figure given by Tan and Ling. From a practical standpoint,
it must be somewhat difficult to define the "top" of a corn field.
If a lower reference plane had been chosen, CD would have been
larger, and consequently the figures of Table II would likely be
more compatible% Nevertheless, it is apparent that one of the
difficult problems associated with the canopy approach is the manner
in which the ideal canopy is joined to the logarithmic wind profile.
In developing the ideal canopy, we did not consider any variation
of S with height, and it is at the top where this is likely to be
most significant. This is well illustrated in Figure 5 which presents
solutions of corn #1 for various assumed shapes of the S function
at the canopy top. Table IV lists the magnitudes of the canopy
parameters which result from these profiles. These results clearly
reveal that the mixing-length profile is sensitive to changes in
shape of the S function and that lc k(h + D).

S 1 CD '-s/CD a

Corn #1A 2.230X10-4 17.26 2.462X10-2 2.52 2.00
Corn #1B 1.875X10-4 15.83 2.462XI0-2 2.115 2.00
Corn #1C 1.550XI0-4 1i..39 2.462XI0-O 1.75 2.00

The results for corn have clearly shown that S and 4. are not
conservative properties since both increase with increasing wind
speed. The increase of S with wind speed might be attributed to
increased effectiveness of the drag of the leaves due to flapping.
However, this appears to invalidate the assumption that the local drag
coefficient of the vegetation is independent of Reynolds number. This
does not invalidate the ideal canopy but it does complicate the
equations. Annex A contains the derivations of equations analogous
to equations (20a) thru (20d) which include a local Reynolds number
effect. They show that the mixing length and turbulence intensity
cannot be constant within the canopy. Since Tan and Ling's data
taken in mature corn and Nakagawa's data taken in a rice paddy both
show a constant turbulence intensity within the canopy, it was
assumed the Reynolds number effects could be neglected for crops of
this configuration, structure, and elasticity. Undoubtedly, these
features are related to the maturity of the two crops and the
assumption may prove invalid for less mature fields.

It is interesting to investigate the density variation of rough-
ness elements on canopy characteristics. The only quantitative data
available for t ,.s purpose is the bushel basket data of Kutubach
(Reference 3). F shows the relationship between the density
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function A+ with the drag coefficient at basket height less the
drag coefficient at basket height associated with only the ice
surface. This correction for the effect of the ice is important
only at small values of A. The least squared error analysis results
in the following relationship:

CD - CDice = 3.904 x 10- 4A 1.243 (25)

Utiliiing equation (14), we can write equation (20d) in the form
AC( c= 2(CD/2)s/- . At first thought it might seem reasonable to
assume that the local drag coefficient (CL) of a rigid bushel basket
would be a constant, but combining this equation with equation (25)
leads to the result that CD ' c " C8'7 . If C'Dwere a constant,

this would lead to the ridiculous result that 4would vary more than
an order of magnitude over the range of A given in figure 6. We can
conclude that C' is not independent of the density function A that
is the drag of tRe baskets increases with increased packing. This is
qualitatively in agreement with the results indicating that compact
75cm high alfalfa is a rougher canopy than loose 278cm high corn. As
a consequence, only the parameter S has significance with regard to
the ideal canopy.

DISCUSSION

In brief, the problem of the canopy flow study was to develop a
canopy flow model from basic parameters. The ideal concept told us
that the model is characterized by the following properties within
the canopy for the steady condition and no advection:

(1) the mixing length is constant,

(2) the mean velocity distribution is exponential and,

(3) the turbulence intensity is constant.

Further development yielded a set of four equations that are con-
sidered the basic relationships that characterize the ideal canopy.
In combining these characteristics with those of the "Ideal Surface
Boundary Layer" of the mixing-length hypothesis, the development
yielded two wind profile equations that relate the canopy to the

++The A is not Kutzbach's Abut rather is the reciprocal of the
specific area defined by Kqtzbach.
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boundary layer by means of the total drag coefficient of the canopy.
The equations dictate that the canopy wind profile is an exponential
function of height.

It was entirely fortuitous that the first attempt to verify the
ideal canopy met with at least qualitative success utilizing the
data for corn published by Tan and Ling. Obtaining solutions of
nearly constant mixing length profiles throughout most of the crop
at the onset of the study provided much encouragement. However,
there are other published data which are either partially or totally
incompatible with the ideal canopy as to the distribution of
velocity within the canopy. Undoubtedly there are many reasons for
this, a few of the more obvious being:

(1) failure to meet the assumptions of uniform distribution
throughout the canopy,

(2) neglect of the Reynolds number effects,

(3) omission of terms in the transport equations,

(4) inadequate sampling in the observations and,

(5) topographic and natural surfaces irregularities at or
surrounding observation site.

Figures ?a-c present data from the literature for different
vegetative covers and the double bushel basket experiment of Kutzbach.
The various vegetative covers represented are rice paddy, brush,
timber forest, sugar beets, wheat, corn, and citrus orchard. In
general, it is evident that "a" of equation (15) is not constant in
the canopy as pronosed by the ideal canopy. However, in some vegeta-
tion the variation is small. A class of canopy profiles which is
entirely incompatible with the concept that the momentum transport
is proportional to the velocity shear is represented by those of Fons
(Reference 12) in brush, and those of Lemon and Stoller (Reference 5)
in immature corn and wheat. These profiles are characterized by an
extended region of the canopy profile where shear is negligible.
This class of canopy profiles implies an addýitional term in the
turbulent transfer equation.

The solution for the mixing length in the high wind speed case
for the corn data of Tan and Ling (Reference 8) also might be
construed to indicate an additional term. In the solution, the
transport of momentum is accounted for completely by ýu/;z. But
this group of profiles the velocity shear is nearly zero throughout
most of the crop, thus the mixing length must vary within the canopy
to balance the equation. The mixing length for the corn #2 solution
indicates a slight maximum in the profile within the crop. This
tendency has also been observed in mixing-length analyses made by
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Uchijima (Reference 14). This type profile can be qualitatively
reconciled with the general theory of turbulent transport, but the
requisite data are nonexistent.

Intuitively one would expect a considerable amount of turbu-
lence to be generated in the upper portion of the canopy as the
wind encounters the crops This would mean that q2 = (U,+ +v +" )wI
would be fairly large in the upper portion of the canopy. Since this
term must be zero at the surface, the gradient within the mid portion
must be significant. How wire anemometer measurements made by
Stoller (Reference 5) seem to indicate this is true. If one makes an
analogy between the second order momentum fluctuations with the
second order temperature fluctuations as discussed by Deardorff
(Reference 1_), it would appear that the flux due to the diffusive
term A (1 q° w + I pw ) is important especially at moderate wind

?z 2 p
speeds.

For those crops that are especially uniform in configuration, the
mixing length should be quite restricted in its growth and be fairly
constant throughout most of the crop* The question may arise as to
why a unique mixing length does not exist within the canopy, especially
when it is emphasized-that the ideal canopy has a uniform distribution
of the area density and the drag coefficient of the leaf-stalk config-
uration. The plant configuration should also restrict the size of
the eddies. If the vertical area distribution and the physical
spacing of the plants are the only controlling factors of the size
of the eddies, then the mixing length within the canopy should remain
fixed regardless of the wind speed. However, the solutions for the
mixing length in the real canopy show nearly a two fold increase for
an increase in the wind speed of 233cm/sec to 317cm/sec at the
canopy top. One should expect an increasing mixing length since the
resulting basic relationships of the ideal model indicate that the
mixing length in the crop is a function of the coefficient of the
total drag force being exerted upon the canopy volume. The drag in
turn is a function of the air flow distributidn above the canopy,
which governs the degree of penetration of air flow down into the
canopy. The analysis of the velocity profiles above the cornfield
using equation 6 shows that the zero-plane displacement decreased
with increasing wind speed. This is also true of a wheat field - up
to a critical wind speed. Apparently the opening of the canopy
occurs as the increasing wind speed orients the leaves along the
flou. The observations indicate that the mixing length apparently
increases uniformly throughout the crop. However, at some greater
speed the drag exerted on the canopy reaches a critical value and re-
mains somewhat constant for greater velocities. In turn the size of
the eddies must reach a maximum value similar to that imposed by the
plant spacing and vertical area distribution. Therefore, rather than
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expect a unique mixing length for the various real canopies, one
should be prepared to accept a mixing length in the crop that is a
function of the air flow above the canopy but with a limiting crit-
ical value.

This study is an exploratory attempt to understand the turbulent
transfer within a vegetative canopy. The intent in developing the
ideal canopy was heuristic. It is hoped that this report will
stimulate thought and investigation which will ultimately lead to an
expression of the aerodynamic roughness effects in terms of vegeta-
tive characteristics.

CONCLUSIONS

Turbulent transfer within real vegetative canopies is in general
not ideal. The utility of the canopy approach has not been proven,
but it does seem to show promise. The relationships developed can
be applied to vegetative covers with characteristics that approach
the assumptions of the ideal canopy with reasonable success.

The character of the mixing length and the parameter S with
regard to the density and structure of the vegetation and its
relationships to the Reynolds number should be investigated. It may
be possible to do this in a wind tunnel or with controlled experiments
such as the bushel basket or in real vegetative canopies. The manner
in which the canopy flow joins the surface boundary layer flow at the
too of the canopy is another major problem requiring investigation.
But, foremost, the theoretical approach must be experimentally
verified.

Future development of the ideal concept requires the collection
of a set of data on the mean velocities and turbulent structure
within and above the canopy.
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ANNEX A

ESYNOTDS NUMBER EFFECTS

Previous investigations and our work up to this point have
assumed that the _low within the canopy is indenendent of local
Reynolds number. In certain types of vegetation or within certain
limits of wind soeed, the assumption may be valid. However, if
one considers extremely limber vegetative covers such as alfalfa
this assumotion may be erroneous. The fact that S and 1. are not
conservative properties appears to invalidate the assumption that
the local drag coefficient is independent of Reynelds number. As
was pointed out, this does not invalidate the ideal canopy, but it
does complicate the equations. To show this, let us define a
local Reynolds number in the canopy as Re = U/Av and express the
parameter S as S = sRen, where s is a constant and v is the kine-
matic viscosity. Thus, equation (19) becomes:

f2=h FhSRen .,-h ,,,," rS (nhh~~

(26)

Equation (26) is analogous to equation (19), but it has the notable
difference that it is not possible for the mixing length and the
turbulence intensity (u,/U) to be constant with height. If once
again we assume a dynamic similarity between 1 and the function S,
then the following conditions-result from equation (26):

CD CD \LSC/ 2 (27a)

hA S a3
(2+n)•2  (27b)

hC- = a3

iv-'/ a (27c)

Sh 1h = h =Re (2+n) (CD/2"'
kLSC/ (27d)

where Reg is the gross canopy Reynolds number defined as Reg=z(hUh/V ).
Equations (27a-d) are very similar to equations (20a-d)l the most
significant difference is the inclusion of tte factor (2+n) in place
of 2. Because of their greater generality, we shall now assume that
the ideal canopy is defined by equations (27a-d).
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Our previous analysis was based upon only two profiles in a
corn field. Most available data deal onlk with the flow above the
canopy and the results are usually published in terms of the friction
velocity, zero-plane displacement and roughness length. It is
possible to put this form of data into use if we assume £h =
k(h-D) and CD = 2(k/ln (h-D)/zo)2 and determine a functional
relationship between in I h and in CD and between ln CD and In Uh.

The ea÷ for corn in Figure 2 as published by Tan and Ling
(Reference 8) and data for alfalfa published by Stoller and Lemon
(Reference 5) were analyzed in this manner. Least-squared error
linear functions were evaluated with the following results:

4 = 687.2 (CD/2) 11236; CDi2 = 1.066 x l- Uh2.0  CORN

S= 48.48 (CD/2)'6184; CD/2 - 1040.5Uh-2"027 ALFALFA

Tf these equations are incorporated into equation (27d), the following
relationships result:

Sh = 3.8658 x 10-3 (CD/2)'3764; Sh = 2.663A x 10"s Uh'756 6 CORN

Sh = 5.014 x 10-1 (CD/2)' 8 8 16 ; Sh = .9251 Uh"1"787 ALFALFA

These results clearly reveal the striking difference that exists in
drag characteristics between a Aimber, dense canopy such as alfalfa
and a semi-rigid open canopy such as corn.

Admittedly the method of analysis is crude. However, the results
should represent qualitative indications of the Reynolds number effects.
The n value for corn is of special interest since one usually expects
the Reynolds number exponent to be a negative value. It is obvious
that more comprehensive measurements of the wind flow in and over
vegetative canopies must be accumulated before the Reynolds number
effects can be expressed in a quantitative manner.
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L ,h i e f. U. S.Weathrr -,ire.u U.S.Arrny Missile Comd

ATTIN: ILibrarian ATTN: ANSNI-RB
V'shi;-,,pton 25, D.C. Redstone Arsenal,, Ala.
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4~9. Commanding General 57. Director, Meteorology Dept
U.S.Army Missile Comd U Arizona
ATTN: AWMI-RR Tucson, Ariz.
Redstone Arsenal, Ala. 1

58. Director
50. Commanding Officer U.S.Water Conservation Lab

U.S.Army Biological Lab Agricultural Rach Svc, USDA
ATTN: SMUFD-12-TI Route 2, Box 816-A
Ft Detrick,, Fredrick, Md. 1 Tempe, Ariz.

51. Cemmanding Officer 59. Director
U.S.A.CBR Operations Ruch Orp Pac SW Forest & Range Exper Sta
Army Chemical Center, Md 1 USDA Forest Service

P.O.Box 245
Berkeley 1, California 1

52. Commanding Officer
U.S.Army Chemical R&D Labs
ATTN: Director, Development Spt 60. nirector, Meteorology Dept
Army Chemical Center, Md. 1 Univ of Calif at Los Angeles

Los Angeles 24, Calif. 1

53. Chief Signal Officer
ATTN: Technical Director 61. Director U.S.Salinity Lab
Comd & Con Systems Directorate P.O.Box 672
Department of the Army ATTN: Dr. L.A.Richards
Washington 25, D.C. 1 Riverside, Calif. 1

54. Scientific & Tech Info Agency 62. Department of Irrigation
ATTN: NASA Rep (S-AK/DL) University of California
P.O.Box 5700 Davis, Calif.
Bethesda, Maryland 1

63. Dept of Agricultural Engng
55. Commanding Officer University of California

U.S.Army Polar R&D Center ATTNt Dr. F.A.Brooks
Fort Belvoir, Va. Davis, Calif.

56. Commanding General 64. Meteorology Department
CDC Experimentation Cen San Jose State College
Fort Ord, Calif. San Jose, Calif.
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65. Chief, Radio Propagation Lab 74. Director
U.S.Natl Bureau of Standards Soil & Water Consvtn (Div)

Boulder, Colo. 1 Agriculture RHch Svc (USDA)
Beltevifle, Maryland 1

66. Librarian
Natl Cen for Atmospheric Rsch 75. Director
Boulder, Colo. 1 Department of Civil Engng

John Hopkins University
Baltimore 18 Md.

67. Dept of Civil Engineering
Colorado State University
Fort Collins, Colo. 1 76. Executive Secretary

American Met Society
45 Beacon Street

68. Forest Service Exper Sta Boston 8, Mass. 1
Room 221, Forestry Building
Colorado State University

ATTN: M. Martinelli, Jr. 77. Round Hill Field Station
Fort Collins, Co10. 1 Mass Institute of Technology

South Dartmouth, Mass. 1

69. Director, Meteorology Dept
Flordia State University 78. Director, Meteorology Dept
Tallahassee, Flordia 1 Mass. Institute of Technology

Cambridges 37, Mass.

70. Director, USDA Field Sta
(Southern Piedmont Soil Consvtn) 79. Director, Meteorology Dept
P.O.Pox 33 University of Michigan
Watkinsville, Georgia 1 Ann Arbor, Mich. 1

71. Meteorology Department 80. University of Minnesota
University of Hawaii ATTN: Dean Spilhouse
Honolulu, Hawaii 1 Minneapolis, Minn. 1

72. Director, Meteorology Dept
University of Chicago 81. Natl Severe Storms Project
Chicago 37, Illinois 1 Federal Office Bldg (Rm 710)

93l Walnut Street
ATTN: Library

73. Department of Agronomy Kansas City, Mo
Iowa State University
ATTN: Dr. X.H. Shaw
Ames, Iowa 1

V
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82, Director# Meteorology Dept
St. Louis University
St. Louis, Mo. 90. Electrical Engng Rach Lab

University of Texas

83. Department of Geophysics Austin, Tax

Washington University
St. Louis, Missouri 91. Department of Agronomy

Utah State University
ATTN: Dr. S.A. Taylor

84. Department of Soils Logan, Utah
University of Missouri
Columbia, Mo. 1 92. Dept of Meteorology

University of TTtah
85. Director, Meteorology Dept Salt Lake City, Utah

New lork University
University Heights
New York 53, N.Y. 1 93. Director, Natil Rsch Council

Natl Academy of Sciences
2101 Constitution Ave

86. Soil & Water Consvtn Rsch Div Washington 25, D.C. 1
Agricultural Rsch Svc (USDA)
Cornell Univ, Bailey Hall
Ithaca, New York 1 94. Director Meteorology Dept

University of Washington
Seattle, Washington

87. Atmospheric Sciences Pr
Scientific Rsch Institute
Oregon State College 95. Director, Meteorology Dept
Corvallis, Oregon 1 University of Wisconsin

Madison, 1is.

88. Director, Meteorology Dept
Pennsylvania State Univ Q6. Department of Soils
University Station, Pa. 1 University of W1isconsin

ATTN: Dr. C.B.Tanner
Madison,* Wis.1

89. Dept of Oceanography & Met

Texas A & M College
College Station, Tex 1 97. Commander

U.S.Navy Electronics Lab
ATTN: Dr. M. Halstead
San Diego, Calif 1
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98. Officer-in-Charge 106. Micrometeorology Br
Meteorological Curriculum Tech Div
U.S.Naval Post Graduate Sch U.S.Army Chemical School
Monterev, Calif 1 Fort 'JeClellan, Ala.

99. Director, Geophysical Rsch 107. Commanding leneral
USAF Cambridge Rsch Cen U.S.Army 2drewood Arsenal
ATTN: CRZHB ATTN: Operations Rsch Gp
qanscom Field, Fedford, Mass. 2 Edgewood Arsenal, Md.

100. Commandant 108. Dept of Soil Science
U.S.Army Signal School Ontario Agricultural College
A"TN: Weather Vanch DST Muelph, Ontario, Canada
Fort Monmouth, N.J. 1

109. Commanding Officer
101. Commanding Officer U.S.Armv R&D Office

U.S.Army Electronics R&D Lab P.O.Drawer 9h2
Fort Monmouth, New Jersey 1 vort Clayton, C.Z.

102. Deputy for Defense Rach & Engng
nffice of SECDEF
ATTN: Geophysical Sciences
Washington 25, D.C. 1

103. Climatic Center USAF
Air Weather Svc (MATS)
ATTW: CCCAD
Annex 2, 225 D.St, S.E.
Washington 25, D.C. 1

10h. Director
Department of Transport
315 Bloor St West
Toronto 5, Ontario, Canada 1

105. Forestry Library
260 Walter Mulford Hall
University of California
Berkeley h, Calif.
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